The relative ion transport capacity of wood -the "effective capillary cross sectional area" (ECCSA) -is determined in this work, based on the analogy with the relation between the electrical conductivities of wood and liquid medium. Wood was treated under different conditions and then the corresponding ECCSA A (the index A is for alkali) is estimated from the value obtained in an inert solution at room temperature (ECCSA Inert ). The difference between radial and tangential ECCSA A values is constant irrespective of pH, time, temperature and the presence of sodium sulfi de in the treatment liquor. The results show that ECCSA A is dependent on the degree of removal of native acetyl groups from hardwood O-acetyl-glucuronoxylan. A kinetic expression for Eucalyptus wood deacetylation is validated and used to establish the relationship between the acetyl content and ECCSA A in both anatomical directions.
Introduction
The extent of impregnation of wood chips is critical for the success of pulping processes. A higher degree of impregnation during kraft pulping leads to a more homogeneous pulp, which is indicated by a narrow distribution of the kappa number of the individual fi bers (Malkov et al. 2003 ) . Incomplete impregnation affects the yield, strength, and bleachability of pulp and elevates the amount of uncooked rejects (Gullichsen et al. 1992 (Gullichsen et al. , 1995 Malkov et al. 2002 ) .
Improvement of impregnation under controlled conditions could have many benefi ts. Within the scope of a forest biorefi nery concept, alkaline pre-extraction in a kraft pulp mill permits the separation of a part of the hemicelluloses, which can be considered as an additional value-added product. Biorefi nery is an emerging research fi eld, with its multifunctional challenges as demonstrated by a large body of recent publications, for example: Dautzenberg et al. (2011) Testova et al. (2011) , just to mention a few. Al -Dajani and Tschirner (2008) showed that 40 to 50 kg xylan t -1 of poplar wood can be separated by preextraction and the alkali consumption of the subsequent kraft pulping is reduced. The situation is even more favorable in sulfur-free processes. In a soda-anthraquinone eucalyptus pulping, for example, xylan can be obtained in polymeric form with very low lignin contamination by ultrafi ltration and subsequent precipitation (Schild et al. 2010 ; Sixta et al. 2011 ) .
A deeper understanding of alkaline impregnation and preextraction of wood may be useful for a detailed modeling and optimization. For that, two different aspects must be known: (a) the effective diffusion coeffi cient for the relevant chemical species and (b) a kinetic expression of involved reactions.
The hemicellulose component of eucalyptus wood is acetylated, as many hemicelluloses of different plant tissues are. The removal of native acetyl groups from hardwood O-acetylglucuronoxylan or softwood O-acetyl-galactoglucomannans can have a major effect on both the physical characteristics of the polymer and the structure of the cell wall. For instance, the cell wall accessibility is particularly increased in softwoods (Sj ö str ö m and H ä glund 1961 ) but also in hardwoods (Sumi et al. 1964 ) .
Deacetylation is the main reaction that takes place during the fi rst stage of any alkaline pulping process. For hardwoods, it is responsible for a considerable part of the alkali consumption (Zanuttini et al. 2003 ) . The alkaline impregnation process is complex. Instead of following an unsteady-state Fickean diffusion, a reaction front is established and moves to the interior of wood. Hence, an intact inner zone can be differentiated from a reacted swollen outer zone (Zanuttini et al. 2003 ) .
The wood properties change signifi cantly in each position of the chips due to the alkali action during impregnation. Nevertheless, there is little information available regarding the dynamic dependence of the effective diffusion coeffi cient on alkalinity, temperature, the presence of sulfi de and the anatomical wood directions.
The relative ion transport capacity of wood, which is related to the "effective capillary cross-sectional area" (ECCSA), has been determined based on the analogy with the relation between electrical conductivities of the wood and the liquid medium (Stone and Green 1958 ) . The ECCSA concept allows expressing the effective diffusion coeffi cient (D i effective ) as:
where D i is the diffusion coeffi cient of the " i " ionic species in the liquid medium. The dependence of ECCSA on alkali concentration has been analyzed at room temperature for the three anatomical directions of aspen wood (Stone and Green 1958 ) . In a previous work, an enhanced method was described which allows following the evolution of ECCSA of wood while it is under the action of an alkaline treatment. For eucalyptus wood, ECCSA dependence on alkalinity, temperature and chemical reaction degree has been experimentally determined (Inalbon and Zanuttini 2008 ) .
In the present work, the analysis is further extended. A correlation was found between the ECCSA of wood under the action of hot kraft liquor (ECCSA A ) and the ECCSA in NaCl 0.1 N at 20 ° C (ECCSA Inert ). Based on this correlation, more reliable results can be obtained by faster determination in a large number of samples. Variations in ECCSA A and the infl uence of variables will be determined for both transverse directions of eucalyptus wood. Finally, based on deacetylation kinetics, a relation will be established between the reaction degree and the ECCSA A , which can be useful for a detailed description and modeling of the impregnation.
Materials and methods

Preparation of wood slices
Green, fresh wood ( Eucalyptus grandis ) with sapwood with an average basic density of 0.366 kg l -1 was investigated. Logs from 6-yearold trees were supplied by INTA, Concordia, Argentina. Logs were sawn into disks of approximately 3.5 cm thickness and then stored in polyethylene bags at -10 ° C. From the sapwood of disks, cubes with 35 mm side lengths were sawn. The faces of the cubes corresponded to tangential, transverse and approximately radial cuts. Slices (350 μ m thickness) were obtained from radial and tangential faces of the cubes by a microtome. The slices were impregnated with distilled water by means of vacuum impregnation (6 cycles of 720 mm Hg vacuum and release).
Effective capillarity determination
For the determination of the ECCSA, a laboratory conductivity cell and an especially designed frame were used (Inalbon and Zanuttini 2008 ) . In the procedure, the wood slice is mounted to the frame to keep it fl at and equidistant from the electrodes. Both faces of the slice are in contact with the solution. The dynamic specifi c conductivity of the wood is calculated considering slice thickness and electrical resistance in a series circuit with the electrical resistance of the solution existing between electrodes. Wood slices cut in a radial direction allowed the determination of the specifi c conductivity in the tangential direction and vice versa.
Determination of ECCSA A and ECCSA Inert
ECCSA of wood under the action of alkali (ECCSA A ) or alkaline sulfi de treatment was determined under different conditions (Table  1 ). The solution concentration during the experiments can be considered as constant due to the high liquor to wood ratio (1000 g solution to 0.2 g wood). The conductivity was continuously registered during the treatment. Once treatment was fi nished, the slices were immediately immersed in distilled water to stop the reaction. After washing, they were immersed in 0.1 N NaCl solution for at least 8 h. Finally, the ECCSA was determined at 20 ° C in the same solution concentration. This parameter was called ECCSA Inert , which is stable over time, because no reaction takes place. Measurements were done on six slices under each condition. Tangential and radial directions were considered.
Effects of variables on ECCSA
Slices were placed into a basket of stainless steel mesh with internal compartments. The basket allows the slices and solution to be in contact, and at the same time maintains slices separated from each other. Baskets with slices were placed in a thermostated solution, the concentration of which can be regarded as constant during the treatment due to the high liquor to wood ratio (1000 g solution to 2 g wood). As the treatment time was reached, baskets were transferred to cold distilled water and washed. Then, slices were immersed in 0.1 N NaCl solution for at least 8 h. Finally, the ECCSA Inert was determined in this solution.
Treatment conditions are presented in Table 2 . Each treatment was done on fi ve slices. The ECCSA A of each slice was calculated based on the corresponding ECCSA Inert .
Acetyl group determination
After the ECCSA Inert determination, each slice was washed in distilled water and air dried. The acetyl content of the slices was analyzed by diffuse refl ectance FTIR (DRIFT) based on the relationship between band height at 1735 cm -1 and the acetyl content determined by GC (Zanuttini et al. 1998 ). The acetyl band at 1735 cm -1 was normalized to the 1510 cm -1 band (aromatic ring of lignin).
The acetyl content of wood slices was determined by GC according to Sol á r et al. (1997) . Butyric acid instead of propionic acid was used as the internal standard. Samples (100 -150 mg) were treated at 150 ° C for 50 min in closed glass ampoules with 1.25 ml of a liquor containing oxalic acid (63 g oxalic acid dihydrate l -1 ), and butyric 
Results and discussion
ECCSA estimation from the ECCSA Inert Figure 1 shows the ECCSA A directly determined at the end of the alkaline or alkaline sulfi de treatments under the conditions presented in Table 1 and the corresponding ECCSAvalues obtained afterwards in NaCl at 20 ° C (ECCSA Inert ).
The relatively high scattering of ECCSA-values around each average can be ascribed, in a great part, to wood heterogeneity. The standard deviation is increased as the average ECCSA-values are increased. In most cases, dispersion is lower for ECCSA Inert . As visible, a linear relationship can be established irrespectively of treatment conditions. The correlation equation is presented in the plot.
The alkali increases the material transport capacity of wood. The main part of this effect remains when alkali is removed, so it can be attributed to the removal of the acetyl and reaction of the acid groups, which opens pathways to the ions passage. The smaller part of the effect disappears when the alkali is removed. This part is due to the alkaline swelling. This effect is independent of the alkali concentration in the treatment.
The relationship permits a relevant simplifi cation for the determination of ECCSA A , because it allows treating a set of slices simultaneously, and then the individual ECCSA A of each slice can be calculated from the corresponding ECCSA Inert . ECCSA A for each condition arises from the average. This method is faster and more reliable. Thus more data can be obtained, which compensates the effect of wood heterogeneity. ECCSA A values discussed in this paper were determined with this procedure.
ECCSA evolution during alkaline treatment
Slices were treated in Na 2 S and/or NaOH solution under different conditions (Table 2 ). Figure 2 shows ECCSA A obtained for treatment at 25 % sulphidity. ECCSA A is gradually increased as a function of time. A favorable effect of pH is also clear. In fact, the level reached after 40 min is higher if wood is treated with a pH 14 solution. On the other hand, data in the radial direction are always higher than in case of tangential ECCSA A . Results obtained by treatment without sodium sulfi de were similar (data not shown in the fi gure).
Comparison between transverse ECCSA A values
Figure 3 a shows the plot radial ECCSA A vs. the tangential ECCSA A . Expectedly, the former is always higher than the latter, due to the contribution of ray cells to the radial diffusion. Ray cells of the wood under study are shown in a SEM photograph in Figure 4 . These results are in agreement with those obtained by Stone and Green (1958) for aspen wood (data shown in Figure 3a as triangles). The quoted authors used a different device and obtained the ECCSA at different pH levels after 24 h treatment at room temperature. Our results show that the difference between radial and tangential ECCSA (0.06 units) is independent of pH, time, temperature and the presence of sodium sulfi de. As the SEM micrograph reveals, the free sectional area represented by the ray cells amounts to 5.9 % of the total area. This could justify the 0.06 units higher radial ECCSA compared to the tangential one. Figure 3b shows the ECCSA A of wood under alkali (NaOH) action against the ECCSA A of wood under alkali and sodium sulfi de (Na 2 S + NaOH) action at the same alkalinity level. No signifi cant effects are visible concerning the presence of sodium sulfi de. These results are, in a great part, in agreement with literature data. T ö rnqvist et al. (2004) studied the effects of the HS -ion in the diffusion at pH 14 for pine, birch and spruce. The authors used a diffusion cell (a thin piece of wood in contact with two solutions of different concentrations), and demonstrated in their theoretical analysis only a minor infl uence of HS -on the so called " apparent porosity " of the wood.
Effect of sodium sulfi de
Relationship between ECCSA A and reaction degree
Deacetylation reaction The contents of acetyl groups after treatment under different conditions (Table 2) were determined and the kinetic expression for the deacetylation reaction rate (R Acetyl , % min -1 ) previously published (Inalbon et al. 2009 ) was fi tted to data. Figure 2 Evolution of ECCSA A for radial (r) and tangential (t) slices treated with kraft liquor (sulphidity 25 % ). Table 2 . Stone: Stone and Green (1958) , see References and (b) plot ECCSA A of wood treated with NaOH vs. ECCSA A of wood treated with NaOH and Na 2 S at the same alkalinity. The conditions are listed in Table 2 .
where: The parameters obtained for the experiments made on radial and tangential slices are listed in Table 3 . The values are close to those published before for the same raw material (Inalbon et al. 2009 ), when only alkali was present in the treatment liquor.
Expectedly, the anatomical direction of the slice, which is a physical parameter, has no infl uence on the reaction rate, which is governed by chemical laws. Therefore, a single correlation for all data (radial and tangential ones) was used for the kinetic expression adopted here. In Eq. (2), hydrosulfi de ion concentration seems to have no infl uence on kinetics. Nevertheless, its effect is taken into account by the sodium concentration, which is equal to the concentrations of added hydroxide and hydrosulfi de ions.
Expression of ECCSA A dependence on variables
The dependence of the ECCSA A on temperature, time and pH is complex and diffi cult to mathematically express. Figure 5 shows tangential and radial ECCSA A as a function of acetyl content. Accordingly, ECCSA A increases as the reaction proceeds. The increase is notable when acetyl groups content is lower than 50 % of the original in wood, and ECCSA A reaches the highest level (similar for radial and tangential direction) when the reaction is completed. As ECCSA A seems to have the same relation for any temperature and pH, it can be considered that the acetyl group content is the determinant for the ECCSA A . This fi nding is in agreement with the previous results (Inalbon and Zanuttini 2008 ) , for which, less variables were available.
Consequently, an expression for ECCSA A as a function of acetyl content can be obtained with an acceptable fi tting for radial, as well as tangential, ionic diffusion. Table 2 .
R 2 adjusted = 95.7 % .
For both radial and tangential directions, the expression includes the effects of all variables (temperature, time and pH) using only one dependent variable (reaction degree), for which a kinetic expression is known. ECCSA A as a function of acetyl content, together with the deacetylation kinetics, are specifi c for the wood species under consideration. However, they can be very useful for a differential mass balance in a rigorous modeling of the impregnation.
Conclusions
The relative ion transport capacity of wood under the action of alkaline and alkaline sulfi de treatment (ECCSA A ) can be estimated from the ECCSA Inert of treated wood measured in NaCl solution at room temperature. This approach allows more determinations to be obtained in less time and helps equalize scattering due to wood heterogeneity.
The increase in the material transport capacity can be ascribed to two contributions. The main one is the reactions of acetyls and acid groups. It remains when alkali is removed. The other contribution is lower and is related to the alkaline swelling. ECCSA A evolution shows that the alkalinity level has a strong infl uence on the process, while the presence of sulfi de has no effect. ECCSA A in the radial direction is always higher compared to that in the tangential direction. The magnitude of the difference (0.06 units) is in close correlation to the free cross section in microscopic images, which are ascribable to the lumen of ray cells in wood.
The degree of alkaline deacetylation is determinant for the ECCSA A . The acetyl content has to be reduced to < 2.0 % , to increase the wood porosity useful for ion diffusion. Of course, the ECCSA A does not depend only on the acetyl content, but this assumption is a useful simplifi cation of the mathematical representation of the impregnation with alkali. The nonlinear relationships found between ECCSA A and the deacetylation degree of eucalyptus, is helpful for the theoretical analysis of the impregnation process.
